The neutronic properties of UO2-BeO fuel with various claddings are investigated through the Monte Carlo methods and the Linear Reactivity Model. A second order polynomial function is suggested to describe the relationship between the difference of the reactivity at the End of Cycle and the two factors, the uranium enrichment and the volume content of BeO in the UO2-BeO fuel. The uranium enrichment is determined to ensure the cycle length for each BeO fraction with the zircaloy, FeCrAl, and SiC claddings. Similar neutronic properties are observed between the zircaloy and SiC claddings for a given BeO fraction, including the infinity multiplication factor, the gas release, the power distribution, and the isotopic concentrations. An important feature of the UO2-BeO fuel is the production of 4 He, which is significant compared with the current UO2 fuel. Less production rates of xenon and krypton are found in the case of UO2-BeO-FeCrAl fuel-cladding system, while those in the UO2-BeO-zircaloy and UO2-BeO-SiC systems are quite similar to the current UO2-zircaloy system. The power distribution in an assembly or in a fuel pellet is flatter for the higher BeO fraction with the same cladding. Higher peak power in a fuel assembly is found with the FeCrAl cladding than that with the other two claddings, while the radial power distribution is quite similar for the three claddings.
Introduction
After the Fukushima Daiichi nuclear disaster in 2011, extensive studies on the Beyond Design Basis Accident (BDBA) have been performed. The US Department of Energy (DOE) has proposed the concept of Accident Tolerant Fuel (ATF) for advanced nuclear fuel and cladding options. Three approaches of the ATF concept have been suggested in 2014 as [1] :
(1) Replacement or improvement of the current UO2 ceramic fuel; (2) Improvement of the oxidation resistance for the cladding by modifying the current zircaloy alloy; (3) Utilization of new high oxidation resistance cladding materials. Many potential ATFs and claddings have been proposed by the US DOE NE Advanced Fuels Campaign [2] . A test of ATF assemblies in an operating commercial reactor starts recently in the Edwin 1 Hatch nuclear power plant [3] . An essential requirement of the ATF is the large safety margin of the fusion of nuclear fuel. High thermal conductivity and high fusion temperature of the fuel are thus two important issues. Contrary to the most recently proposed candidate ATFs in the past decade such as the high uranium density fuel U3Si2 [4] - [7] , studies on the UO2-BeO fuel can be traced back to 1963 [8] . The loading of BeO in the UO2 ceramic fuel can improve the thermal conductivity of the fuel due to the much higher thermal conductivity of the BeO than that of the ceramic UO2. As shown in Figure 1 , the thermal conductivity of the BeO is 22 times larger than that of UO2 at 300 K. At the temperature of 1500 K, the ratio of the thermal conductivity of the BeO to that of the UO2 is 3 and 7 when the Fink model [9] and the Harding and Martin (HM) formula [10] are used, respectively. Figure 1 . The thermal conductivity of BeO and UO2. The data of BeO are interpolated by Zhou [11] according to the experimental data from Ref. [12] . The plotted thermal conductivity of UO2 is based on the empirical formula proposed by Fink [9] and that given by Harding and Martin (HM) [10] .
Many investigations have been performed on the different BeO volume content UO2-BeO fuel. The irradiation behavior of the 12% 235 U enriched UO2-(30vol%)BeO fuel has been tested by Johnson and Mills in 1963 [8] . Ishimoto and his coworkers experimentally showed the large improvement of the thermal conductivity by adding 36.4vol%BeO in UO2 fuel [13] . Later, Li et al. investigated the thermal conductivity of the UO2-BeO fuel using the statistical continuum mechanics for BeO percentage from 0 to 100% [14] . Chandramouli and Revankar developed a thermal model of UO2-BeO fuel and analyzed the performance during a Loss of Coolant Accident (LOCA) [15] . Some neutronic properties of the UO2-(5vol%)BeO and UO2-(10vol%)BeO fuel have been studied by Smith [16] . Recently, Zhou and Zhou analyzed the thermophysical and mechanical properties of the UO2-(36.4vol%)BeO fuel with the different claddings [11] . However, the neutronic study of the UO2-BeO fuel is not thorough up to now, while it is a key step for a new proposed fuel. The present work focuses on the neutronic behaviors of the UO2-BeO fuel with different volume content of BeO combining with the different claddings.
The zircaloy alloy cladding is studied in the present work because it is widely used in the current Pressurized Water Reactor (PWR). The FeCrAl cladding has better oxidation resistance than the current zircaloy cladding [1] . The ceramic SiC is a candidate ATF cladding material because of the excellent oxidation resistance in the environment of high temperature steam temperature [17] . The maximum service temperature of SiC can be 900℃, while that of the zircaloy alloy is only 400℃ [18] . Katoh and coworkers proved its stability at high neutron fluence [19] . Therefore, the present study includes the zircaloy, FeCrAl, and SiC claddings.
An important feature of 9 Be, 100% abundance in natural beryllium (Be), is the relatively large (n,α ) cross sections at the neutron energy below 3 MeV as shown in Figure 2 . It is remarkable that no information of the (n,α ) cross sections of 235 U or 238 U is given in the ENDF/B-VII.0 nuclear data library [20] , which is used in our simulations. The quite small (n,α) cross sections of fissionable nuclei have been evaluated in recently released nuclear libraries, including ENDF/B-VIII.0 [21] and JEFF-3.3 [22] . Regardless of fission products, the main production of the helium should come from 9 Be. The released gas in fuel pellet increases the pressure in the gap of the fuel rod. A consequent result is the swelling of the fuel rod. The gas has also interaction with the fuel. The study of the gas production induced by the loading of 9 Be is thus necessary.
Figure 2. Gas production cross section of 9 Be and 16 O in ENDF/B-VII.0 [20] . No (n,α) cross section of 235 U or 238 U exists in ENDF/B-VII.0.
The hot point in a reactor is one of the key factors because it is related to the fusion of the fuel and the local boiling of the coolant. The peak power in an assembly is analyzed for each BeO fraction and each cladding. The evident periphery phenomenon in a fuel rod has been observed in the PWR [23] , [24] due to the spatial self-shielding. Studies on the radial distributions of the physical properties are of interest for the new types of fuels. The radial distributions of the power and isotopic concentrations are investigated.
Section 2 presents the methods used in the present study, such as the simulation methods and the treatment of the results. Section 3 summarizes the simulation results and the corresponding discussions, including critical fuel enrichment for each volume content of BeO, the gas production, the peak power in each assembly, and the radial properties of the critical cases determined in the present work. The last section points out the main conclusions of the present work. Figure 3 illustrates the configuration of the lattice of a typical 17×17 PWR fuel assembly. The lattice is constituted by 264 fuel rods, 24 guide tubes, and a central instrumentation tube. Both guide tubes and instrumentation tube are full of the moderator when no control rod nor instrument is inserted. The key parameters of the fuel assemblies corresponding to the different cases are given in Table 1 . The classical cladding thickness, 572 μm, is used for the current Zr-4 cladding and the SiC cladding. Due to the better mechanical properties than the zircaloy alloy, 350 μm stainless steel cladding was used [25] in Light Water Reactor (LWR). The present work uses 350 μm thickness for the FeCrAl cladding.
Method

Simulation methods
Monte Carlo simulations are generally considered as the reference results for neutronic calculations. The Monte Carlo method is chosen for the neutronic calculations of new fuelcladding combinations in the present work. All the neutronic simulations are performed with the Monte Carlo based code RMC [26] , which is a 3D stochastic neutron transport code. RMC uses the continuous-energy pointwise cross sections. The ENDF/B-VII.0 nuclear data library [20] is used in the present study. In nuclear physics, the properties of nuclei, such as masses and half-lives, can be described through many-body Schrodinger Equation [27] , [28] , which can be simplified through the Monte Carlo method.
Linear reactivity model and critical BeO content
The Linear Reactivity Model (LRM) is used to calculate the equivalent reactivity at the End of Cycle (EOC) of the core by using the infinity multiplication factor kinf calculated in an assembly. The average eigenvalue difference in core level is calculated by [29] :
where ∆ , is the difference of kinf between the treated fuel-cladding system and the reference case for the batch b. ∆ , is a function of the fuel exposure eb. The fuel exposure eb at the EOC in a typical Westinghouse PWR reactor are listed in Table 2 with the unit of Effective Full Power Days (EFPDs). The relative weighting factor of the power Pb is the approximative contribution to the average nuclear power in the core for the batch b. The core fraction Vb refers to the number of the assemblies for the batch b. In order to simplify the notation, the volume content of BeO in the UO2-BeO fuel is referred to x (in %) and the fuel enrichment is noted as y (in %) hereinafter. Taking the current UO2-zircaloy fuel-cladding system as the reference, the differences on the reactivity of BeO incorporated fuel and corresponding claddings are calculated by using the LRM. In the present study, ∆ is a function of x and y. From the analysis of ∆ as a function of UO2 content in U3Si2 fuel in Ref. [31] , one can suppose that ∆ should be approximatively a second order polynomial function of the fuel enrichment. In addition, the linear function between ∆ and cladding thickness [4] implicates that ∆ is a second order polynomial function of the volume of UO2. The term xy is introduced due to the interaction effect between the two variables. ∆ is finally expressed by:
where the coefficients are determined through the least square fitting with the simulated results for each cladding. The coefficient d is expected to be negative because ∆ should not increase more quickly with y than linear increment.
For a given BeO content x, the critical fuel enrichment can be calculated by determining the zeros of Eq. (2) increases with y in the interval on which the present study focuses. By consequent, the critical fuel enrichment yc is the smaller solution of Eq. (3):
Radial properties
The investigations of radial distributions of power and isotopic concentration in a fuel pellet are based on the geometry shown in Figure 4 . The fuel pellet is divided into 9 concentric rings, while the gap and cladding are located outside. More dense points are found near to the surface of fuel pellet to treat the periphery phenomenon. 
Results and Discussion
Critical fuel enrichment
The infinity multiplication factor kinf is calculated through the Monte Carlo simulation for each case. ∆ represents the difference of multiplication factor in the core at the EOC and the values are given in Table 3 for different cases. The visual results of the least square fitting of ∆ by using Eq. (2) is shown in Figure 5 for the zircaloy cladding. The coefficients of Eq. (2) and the corresponding coefficient of determination are given in Table 4 for the Zr-4, FeCrAl, and SiC claddings. The near to unit values of the coefficient of determination show that the Eq. (2) proposed in the present work can well describe ∆ as a function of BeO volume fraction x and the uranium enrichment y. In addition, the negative values of d are in accordance with the analysis in section 2.2. The critical uranium enrichments for different claddings and different BeO contents can be determined by using Eq. (5) . An important remark is the sensibility of ∆ to the fuel enrichment y: ∆ ( , )⁄ = 2 + ( + ).
(7) For the BeO volume content x > 5% and the uranium enrichment y < 8% (which is the general case of the critical uranium enrichments yc for x < 36.4%), ∆ ( , 0)⁄ > 0.03, which means 0.1% uranium enrichment has more than 300 pcm influence on ∆ . The neutronic verification of the critical fuel enrichment yc obtained by Eq. (5) is suggested because of the large sensitivity of ∆ to the fuel enrichment. In Table 5 , the critical uranium enrichments calculated through Eq. (5) are validated against the Monte Carlo simulations, where the two results are the same for most cases. The only two exceptions are the FeCrAl cladded UO2-(5vol%)BeO and UO2-(10vol%)BeO fuels, of which the solutions of Eq. (5) are listed in parenthesis and have 0.07% absolute differences with the Monte Carlo simulations. Generally speaking, a larger cross section of claddings needs larger critical uranium enrichment. The present results shown in Table 5 are in agreement with such statement. The thermal neutron absorption cross sections of claddings are 0.20 barns, 2.43 barns, and 0.086 barns for the Zr-4, FeCrAl, and SiC claddings, respectively [32] . Among all content fractions of BeO, the fuels with FeCrAl and SiC claddings have the largest and smallest critical uranium enrichment, respectively. A widely used method to determine the uranium enrichment is the guaranty of the 235 U loading in the fuel. The uranium enrichment calculated with this method is referred to hereinafter. The values and the differences of to yc obtained from Eq. (5) are presented in Table 6 for the Zr-4 cladding. The corresponding ∆ ( , ) can be calculated directly through Eq. (7) with dy= -yc for each BeO volume content x because ∆ ( , ) = 0 .
Because the cladding of the reference case in the present study is the zircaloy cladding, UO2-(5vol%)BeO is taken as reference in the analyses of for the FeCrAl and SiC claddings. The differences dy= -yc with the FeCrAl and SiC claddings are given in Table 7 .
Results in Table 6 and Table 7 show that the method to keep the 235 U loading for the SiC cladding corresponds well to the results obtained by Eq. (5), which is based on the LRM. The difference dy= -yc increases with x for the zircaloy and FeCrAl claddings. The discrepancies of the uranium enrichment calculated with the two methods are within 0.12% for BeO volume content less than 36.4% with the zircaloy cladding. However, large discrepancies are observed for the FeCrAl cladding. The tendency of dy= -yc as a function of cladding can be from two sources. The first one is the neutron absorption cross section of the cladding, which has the similar role as BeO of the negative contribution to reactivity. The increment of the BeO in the fuel has thus less effect on the reactivity for the cladding with higher thermal absorption cross section. Another reason is the increment of the moderator to fuel (uranium) ratio with the content of BeO. The reactivity increases but the increment rate decreases with the moderator to fuel ratio in the range that the present work based on. The effect of the increment of the moderator to fuel ratio is thus more important for the 350 μm FeCrAl cladding.
Gas production
As explained previously, the (n,α) cross sections of 9 Be at the neutron energy from 700 keV up to 3 MeV are relatively large (as shown in Figure 2 ). The production of 4 He should be very important in the UO2-BeO fuel. It should be noted that only the neutronic analyses are performed in our simulations, while the diffusion of gas is not considered. Figure 7 represents the atomic density of 4 He in the fuel for the reference case and six combinations of UO2-BeO fuel with different claddings. As expected, the quantity of 4 He in the UO2-BeO fuel is quite larger than that produced in the current UO2 fuel. The second row in Table 8 lists the atomic density of 4 He shown in Figure 7 at the End of Life (EOL). The corresponding densities contributed to the gap are calculated in the last row if all produced 4 He are released to the gap. The 4 He production in the UO2-(36.4vol%)BeO fuel is 15 times larger than the current UO2 fuel. As a result, although the additional BeO in UO2 fuel improves the thermal conductivity, the higher 4 He production should be paid attention to. He, other gases are produced through the fission reaction. The main fission gases are isotopes of xenon (Xe) and krypton (Kr). Figure 8 shows the sum of atomic density of all isotopes of Kr and Xe as a function of fuel exposure for different cases. Results point out lower Kr and Xe productions in the case of FeCrAl cladding than those in the zircaloy alloy and SiC claddings. The difference between zircaloy cladding and SiC cladding is not evident. Results show that the effect of BeO loading on the production of Kr and Xe is not important. Table 9 summarizes the production of 4 He, Kr, and Xe at the EOL. Due to the similar release of Kr and Xe in the cases of zircaloy and SiC claddings, 4 He produced through the (n,α) reaction of 9 Be has a direct effect on the total gas production. The total gas density in the fuel with FeCrAl cladding is lower than that with the Zr-4 and SiC cladding due to the less fission production of Xe (and Kr). A general conclusion is that 4 He has almost 1% contribution to the total gas production in the reference case, while 20% (7%) contribution to the total gas release is found in the UO2-(36.4vol%)BeO (UO2-(10vol%)BeO) fuel. The last row in Table 9 , the ratio of total gas production to that in the reference case, illustrates the increment of gas release for the different cases. The increments of the total gas release are within 23%. 4 He, Kr, and Xe for the reference case and the UO2-(xvol%)BeO (x = 10 or 36.4) fuel combining with the zircaloy, FeCrAl, and SiC claddings at the EOL. The row noted "Total" shows the total atomic density of the three atomic densities.
The last row gives the ratio of total gas production to that in the reference case. 
Relative power distribution in an assembly
The distribution of power in a fuel assembly is displayed in Figure 9 for the reference UO2-zircaloy case at the BOL. Higher power is observed for the fuel pins in the vicinity of the guide tubes due to higher local moderator-to-fuel ratio. The Peak Factor of Power (PFP) is defined as the ratio of the maximum power to average power in the fuel assembly. The PFPs in the cases of zircaloy cladding with different BeO volume contents are illustrated in Figure 10 . Results in Figure 10 indicate the decrease of the PFP with BeO content at high burnup. In other words, the UO2 fuel with higher BeO percentage has flatter power distribution in an assembly. 
Radial power distributions
The investigations on the radial distribution of power are important because the power distribution can give feedback to the neutronic calculations and the multi-physics coupling study. Figure 12 shows the radial relative power distributions for the Zr-4 cladding with UO2-(xvol%)BeO (x = 10, 36.4) fuel at the EOL, MOL, and EOL. The radial power distributions are quite similar at the BOL. However, Monte Carlo simulations show the flatter radial power distributions in the higher BeO content UO2-BeO fuel after the BOL. Lower relative power at the periphery is due to the lower concentration of 235 U and 239 Pu (Figure 16and Figure 17 ) near to the surface of the fuel pellet. The flatter radial power distribution is an advantage of the BeO incorporated fuel from the consideration of neutronic properties, such as the more uniform radial burnup distribution. Figure 13 presents the radial distribution of normalized power in the UO2-(36.4vol%)BeO fuel combining with the zircaloy, FeCrAl, and SiC claddings at the MOL and EOL. Comparing with the results in Figure 12 , the influence of the cladding on the radial power distribution is negligible. This conclusion is in agreement with the results obtained in Ref. [31] , which shows the similar radial power distribution for the FeCrAl cladded U3Si2 and U3Si2/UO2 fuels and the current zircaloy cladded UO2 fuel. The similarity between radial power distribution with the FeCrAl cladding and those with other claddings is the compensated effect of higher relative concentration of fissile isotopes at periphery (such as 235 U and 239 Pu in Figure 16 and Figure  17 , which has positive contribution to the sharp power distribution at periphery) and the higher thermal neutron absorption cross sections (which weaken the effect induced by fissile isotopes). An intuitive explication is the more accumulated neutron absorption isotopes due to the lower percentage of the thermal neutron. Further investigation should be performed to explain the similar radial power distribution while the concentrations of fissile isotopes are different. 
Isotopic concentrations
In an uranium fueled PWR, the most two important isotopes for fission are 235 U and 239 Pu. Pu to the power, more fission of 235 U is required. Accordingly, the concentration of 235 U decreases more quickly with effective full depletion time for higher BeO content in the fuel. Another reason is the lower initial concentration of 235 U in higher BeO content fuel, which is shown in Table 6 , Table 7 , and Figure 14 . For the same BeO volume fraction, the case of FeCrAl has higher 239 Pu concentration than that in the zircaloy cladding case because of the hardening of neutron spectrum [4] . Slightly lower 239 Pu concentration with the SiC cladding is due to lower thermal neutron absorption cross section of SiC than that of Zr-4, which leads to the softening of neutron spectrum.
The investigations on the radial distribution of isotopic concentrations of major actinides help us to understand the radial power distribution. In addition, it can provide information to the neutronic calculations. The principal fissile isotopes in an uranium fueled PWR are 235 By analyzing the cases of zircaloy cladding, the sharper radial distribution of 239 Pu is observed for lower BeO content fuel (Figure 17 ), which has the higher concentration of 239 Pu (Figure 15 ). The number of thermal neutrons increases with radius in the fuel pellet due to the spatial self-shielding. On the other hand, 
Conclusions
Based on the Linear Reactivity Model, Monte Carlo simulations show the good description of the difference of the multiplication factor at the EOC (∆ ) by using Eq. (2), which is a second order polynomial function of the BeO volume content in the UO2-BeO fuel (x) and the uranium enrichment (y). The critical fuel enrichment is determined for each volume content of BeO with the Zr-4, FeCrAl, and SiC claddings. Similar infinity multiplication factor kinf are observed for the zircaloy alloy cladding and SiC cladding. Slightly higher kinf with the SiC cladding at low burnup is due to the less thermal neutron absorption cross sections of SiC. The results point out the lower kinf with the FeCrAl cladding induced by the larger thermal neutron absorption cross section of FeCrAl.
Comparing with the current UO2 fuel, much more 4 He are produced in the UO2-BeO fuel due to the important (n,α) cross section of the 9 Be at the neutron energy from 700 keV up to 3 MeV. The productions of krypton and xenon in the UO2-BeO-zircaloy and UO2-BeO-SiC fuelcladding systems are similar to those in the current UO2-zircaloy system, while those in the UO2-BeO-FeCrAl system are less than the current fuel-cladding combination. Taking the current UO2-zircaloy fuel-cladding combination as the reference, 23% (11%) more total gas production is obtained in the UO2-(36.4vol%)BeO fuel with the Zr-4 and SiC claddings (FeCrAl cladding) at the EOL.
The peak power in an assembly decreases with the BeO content in the UO2-BeO fuel at the high burnup level. For the same BeO content, such as UO2-(36.4vol%)BeO, the peak power is quite similar with the zircaloy and SiC claddings, while that with the FeCrAl cladding is higher. The radial power distribution in the UO2-BeO fuel is not sensitive to the claddings considered in the present work. Quite similar radial power distribution is observed at the BOL for the different BeO content. After the BOL, flatter radial power distribution is shown for higher BeO fraction in the UO2-BeO fuel.
The concentrations of 235 U and
239
Pu are lower in the higher BeO content fuel, which has less 238 U in the fuel. The concentrations of 235 U and 239 Pu can be included in the neutronic quantities, which are similar between the zircaloy cladding and SiC cladding cases. Higher concentration of 235 U ( 239 Pu) with the FeCrAl cladding is obtained due to the higher initial concentration of 235 U (lower initial concentration but higher quantity of 238 U). Higher 235 U ( 239 Pu) concentration implicates flatter (sharper) radial distribution of the concentration because the heterogeneous radial distribution of the concentration is the result of the time accumulated periphery phenomenon. More precisely, higher 235 U ( 239 Pu) concentration signifies that the consumption (production) has relatively less (more) important influence on the radial distribution of isotopic concentration.
